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Method of Calibrating Weights for Piston Gages

H. E. Almer

Generally weights for piston gages have odd
denominations that are often not readily calibrated by
intercomparison methods, Therefore, these weights are
frequently calibrated by direct comparison methods.
This paper presents direct comparison methods for
calibrating: piston gage weights -for use with both
equal-arm balances and single-pan balances. Methods of
estimating the uncertainty of the values obtained are
given. Also included are methods of checking for
blunders or gross errors.

Reywords: Balance; buoyancy; calibration; standards;
substitution weighing; transposition weighing; true
mass; uncertainty; value.

1. Introduction

The method of calibrating pressure gage (piston gage) weights
described herein is adequate for most purposes. The method employs simple
weighing designs and includes using corrections for the standards and the
buoyant effect of the atmosphere. Aside from blunders, such as
misrecording the balance indication or the weights used, these account for
the major sources of error in the mass value of the weights.

The comparisons may be made on any balance whose precision is- adequate
for the requirements of the weights being tested. If the precision of the
balance is not known, the balance can be evaluated by tests such as des-
cribed in ASTM's "Standard Methods of Testing Single-Arm Balances"{1l]}*.

' suitable mass standards, with established values or corrections, and
appropriate uncertainties are required. For some purposes, the
manufacturer's stated compliance with a class or other tolerance may be
sufficient. In other cases it may be convenient to calibrate the built-in
weights, Calibration procedures, such as are described in “Testing a
Quick Weighing Balance® [2] or the ASTM's "Standard Methods of Testing
Single-Arm Balances®" (1] may be used. The various dial settings may be
calibrated according to the method for calibrating dial-controlled weights
described on pages 742/709 of "Testing a Quick Weighing Balance" [2].

Calibration procedures for use with both equal~arm balances and one-

pan constant-load balances are described. For one-pan constant-load

*Figures ino brackets indicate the literature references on page 25.
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balances, both single and double substitution weighing methods -using the
built-in weights as standards, as well as substitution methods using known
weights as standards, are described. For equal-arm balances, both the
substitution weighing and the transposition methods of weighing a:é
described. The computations are held to a minimum and will give the true
mass va.lue.Mln in the equation
Fo = [Ma(l - B2 + Me(1 - pRlkay, + ¥C,

equation (10) of “Reduction of Data for Piston Gage Pressure Measurements"
[3] as well as an appropriate estimate of the uncertainty of this value.
Eacrh weight is compared directly with a standard or group of standards of
approximately the same mass as the weight being tested, by any of the
‘methods described in Section 3. If the standards and the weights being
tested are made of materials having approximately or nearly the same
density, the errors due to buoyant effects are minimized. Each comparison
will involve either duplicate measurements of the difference between the
weight under test and the standard, as in double substitution weighing, or
the same difference will be measured in each of the comparisons, as the
sensitivity difference in single transposition weighing. These differences
can be used to compute an estimate of the precision of measurement.

2, Calibration Procedures

The calibration of weights includes preparation of the weights for
test, their comparison with standards, and data reduction. Each of these
phases of the calibration is treated.

2.1 Preparation of Weights for Test
The weights are prepared for test as follows:

a. Unpack the weights carefully, being sure not to overlook any
of the small weights which may be a part of the set.

b. Clean the weights by wiping with a soft cloth of nonabrasive
material such as high quality cheesecloth. Solvents can be
used to remove any foreign material that is not readily
removed by wiping. Care must be exercised so that only
foreign material is removed. Be certain that the solvents
used will not injure the weights. :

C. Place the weights and the standards in or near the balance
so that they will come to temperature equilibrium before the
weighings are made.

d. An information or summary sheet is prepared giving the
following information: (See Sample Summary Sheet, Figure 1).



1. Identify the weights to be tested by the -owner,
set designation, and test number if one is used.
The identification of the instrument of which the

weights are a part should also be given,

2. The material of which the weights are made =-°
their density.

3. List all of the weights in such a manner that,
after calibration, the mass values found for them
may be entered next to the appropriate waicht.

4. Any other information needed to make a complete
record of the test.

2.2 Comparison of Weights being Tested with Standards

) Weighing Method -~ This suggested calibration procedure is based on the
double substitution method of weighing (see Section 3) because it can be
used with either one-pan constant-load balances or with equal-arm balances.
Other weighing methods (Section 3) may be used where desirable or where the
double substitution method is impracticable.

Standards - Generally the weights for piston gages have odd denomina-
tions not wusually found in ordered sets of weights. Hence, the standard
for a given weight may consist of more than one known weight. The buoyant
effect of the atmosphere and associated errors can be minimized if, as far
as practicable, the material of the known weights used for standards is of
the same or nearly the same density as the material of which the weights
being tested are made.

Sensitivity Weight - The mass of the sensitivity weight used depends
in part on the on-scale range of the balance and in part on the mass dif-
ferences between the weights being compared. The sensitivity weight should
be as large as practicable. Its mass may be from one-fifth to one~half the
on-scale range of the balance and it should be at least twice as large as
the largest difference between the masses being compared. It may be
necessary to trim one of the weights by adding small known weights to it to
bring the difference between the masses to within these limits.

Comparison with Standard - Each weight Of the set being calibrated is
compared by the double substitution method (or other suitable methods) with
"known" weights whose total mass is nominally equal to the mass of the
weight being tested.

In sets having two or more weights of the same .denomination, it is
sometimes convenient to select one of the duplicate weights to be the
*standard®™ for calibrating the other weights of the same denomination.
This weight will be referred to as the "transfer standard®, The "transfer
standard® is calibrated with the "known" weight as mentioned above.

3



Environmental and Other Data Required ~ The date and time the work was’
done as well as the name of the observer should be entered on the observa-
tion sheet. The temperature, relative humidity, and barometric pressure at
the time the weighings are made are also recorded on the observation sheet,
so that buoyancy corrections can be computed and made, as required,

2,3 Data Reduction

Computation of Difference Between the Weight Being Calibrated and the
Standard - The difference between 'the weight being calibrated and the
standard is given by the difference in scale divisions between the balance
indications for the weight under test and the standard, The method of com-
puting this cifference and of converting it from scale divisions to mass
units is given for each method of weighing with the description of that
method in Section 3. But for the following discussion, it will be assumed
that the difference is in or has been converted to mass units.

The difference is expressed as follows:
(wx - S) = a
where Wy is the weight under test

is the standard; it may consist of one or more
weights

is the difference between Wx and S in mass units,

Application of Correction for Standard - The value of the standard may
be expressed either as one number or as a nominal value and a correction,
as follows:

Mass Value of Std. = Nom. Value + Correction

In general, the "Mass Value® of the standard means its True Mass value and

its correction means its True Mass Correction unless otherwise indicated.

The computation of the value of the weight being tested, We is further
described in Section 4.



When the value for S, whether expressed as one number or as a nominal
value and a correction, is in terms of true mass,as it should be, the com~
puted value of W, will be its true mass value within certain limits which
depend on the relative density of W, and S (see Table 1). If S and W, have
the same or nearly the same density, the value found is for all practical
purposes the true mass value. If the correction for S is known only in
terms of apparent mass vs brass, as may be the case for some calibrated
sets of standards, true mass corrections must be computed. This

computation is as follows:
™ am + ppVs = Vp)

is the apparent mass vs brass value of the weight, that is

vhere SAM i
' the nominal value + the apparent mass correction.

S is the true mass value of the weight

™

o, is the density of normal air (1.2 mg/cm?® at 20°C)

Vg is the volume of an equivalent mass of normal brass at 20°C*
Vg is the volume of the standard at 20°C.

The true mass correction is:

Correction = STH - Nominal Value

Buoyancy Correction - Buoyancy corrections are needed to take into ac-
count the difference in the buoyant effect of the air on weights of
materials having different densities (4], especially where the densities of
the materials are markedly different. It is a good practice to always
compute (see section 4), at least roughly, the magnitude of the correction
to establish the order of magnitude with reference to the desired accuracy.
If the correction is not significant it can be ignored.

If the volume of the weight is not known it may be computed from the
mass and density relationship:

wa
Vol =
o, * B

where wa is the total mass of the weight, and
Dy is its density at 20°C.
x

Similarly the volume of the standard is:

M
S
Volg = =
S
DS
where MS is the mass of the standard, and

Dg- is its density at 20°C.

*By definition the density of normal brass is 8.4 g/cm? at 0°C; that is
approximately 8.3909 g/cm® at 20°C,
5



2.4 Uncertainty of Value of Weights

It is presumed that the weighings are being carried out by means of a
measurement process whose parameters (precision, possible systematic
errors, etc.) are known and sufficient evidence is collected to insure that
the process is in a state of statistical control,* For each method of
weighing there will be available a standard deviation to be associated with
a single measurement of mass difference., This standard deviation will be
based on considerable history and would be used in preference to a standard
deviation based on the results of say one day's work., Such a value if
available provides the -means for judging whether or not to accept that
day's measurements as being in control.

Uncertainty of Values Found for Weights =~ The uncertainty of the mass
value of the weights consists of two parts; the uncertainty due to random
errors of measurement and the systematic uncertainty due to the uncertainty
in the value of the standard. The limit of the uncertainty due to random
errors of ‘measurement may be taken to be three times the standard
deviation, g , where ¢ is the standard deviation of the process,
Therefore: ‘

Uncertainty of value = 30 + uncertainty of standards.

Uncertainty figures or statements are valid only if the measurement process
was in a state of statistical control at the time the measurement to which
the uncertainty figure applies was made. Therefore, every uncertainty
figure associated with a mass value must be backed up by data adequate to
determine that the weighing process was in a state of statistical control
at the time the measurements used to determine that value were made.

FFor a discussion of the procedures for estimating the parameters of the
mass measurement process and for maintaining surveillance of the
measurement process, see NBS Technical Note 288, Measurement Philosophy of
the Pilot Program for Mass Measurement, by P. E. Pontius; and NBS Monograph
103, Realistic Uncertainties and the Mass !leasurement Process, An
Illustrated Review, by P. E. Pontius and J. M. Cameron.



In many cases the allowable imprecision is so much greater than the
expected performance of the mass measurement process, based on previous
measurements, that the measurement error could not exceed the allowable
imprecision without some evident malfunctioning of the balance. In those
cases it may be assumed that the results of the measurements are adequate if
the balance appears to be working properly; but a formal uncertainty
statement would not be made.

2.5 Checks for Blunders or Gross Errors

It is usually desirable to make some kind of check for at least gross
errors in the values being reported. This is especially true where the
standard consists of several ﬁeiqhts because a weight may be overlooked
when recording those used.

Checks by Comparing Values <~ In sets having several weights of the
same denomination, one férm of check is to compare the values obtained for
weights having the same nominal value. If the value for one of these
duplicate weights is markedly different from the 6thers, this may indicate
that the value is incorrect. For weights such as the "transfer standard"”
used as the standard for other weights of the same denomination, of which
repeat weighings are made, the agreemént of the resulte of the repeated
weighings constitutes an acceptable check on the value. ‘

Check by Weighing Groups - This kind of check cannot be used with
large weights whose mass is near the capacity of the largest balance
available. It is useful for weights which can be divided into groups not
exceeding the capacity of the available balances, The procedure is:

a. Divide the weights into convenient groups,
b, Compare each group with aépropriate standards.

€. Compare the value found for the grou i
ae fou p with the sum of the
values for thellnd1v1dua1 weights making up the group. They
should agree within the uncertainty of the measurements.

It is necessary to use some judgment in dividing the weights into
groups. Small weichts should not be grouped with large weights



3. Weighing Methods

Any one of the four weighing methods - direct, direct-reading,
substitution, or transposition - may be used for calibrating piston gage
weights. The weighing method used depends in part on the balances and
weights available, ih part on the requirements of the job at hand, and in
part on the preference of the person performing the test. Measurements
made by either the substitution or transposition weighing method require
more effort, but are in general more precise than those made by either the
direct or. the direct-reading weighing methods. The direct and direct-
reading weighing methods are generally used only where relatively imprecise
measurements can be tolerated and where only the minimum effort possible is
justified.

The following comparison of the direct weighing method with the single

transposition weighing method and direct-reading method with the single
substitution method gives an indication of the differences in precision.
Any weighing "requires at least two observations. A direct weighing
requires a no-load reading and a load reading, If the standard deviation
of the mass measurement process, for one observation, is "O" (random
component of the uncertainty is 30), then the standard deviation of two
observations combined is 0¥2 (random component of the uncertainty of the
two observations combined is 30V2). In addition there must be added the
uncertainty due to the inequality of the arms. This may vary from a few
parts in a million to one or two parts in ten thousand, depending on the
condition and quality of the balance. In contrast to this 1is the
transposition method which also requires two observations, but since both
cbservations are measurements of the same thing, the difference between the
unknown weight and the standard (see Section 3.5, page 13), the standard
‘deviation of this difference |is J%— (the random component of the

uncertainty of the difference  is jﬁ!}

. In transposition weighing the
inequality of the arms drops out and does not become a part of the
uncertainty. Thus, if the same balance is used for both methods, the
uncertainty of the direct weighing method is twice that of the
transposition method plus the uncertainty due to the inequality of the

arms.



Both a direct-reading weighing and a single substitution weighing re-
guire two obsérvations; therefore the random portion of the uncertainty is
the same for both methods. In the direct-reading method the masses of the
built-in weights are considered to be equal their nominal mass values (if
corrections are applied it is no longer a direct-reading device), and the
reading scale is assumed to have a one to one ratio with the indicated mass
units. 1In a substitution weighing the weight being calibrated is compared
with weights whose mass values are known and the reading scale is calibrated
as a part of the substitution weighing. The uncertainty of the direct-
weighing method is greater than the uncertainty of the single substitution
weighing method by the uncertainty due to considering the nominal value of
the built-in weights to be their actual value plus the uncertainty due to
any reading scale error.

3.1 Direct Weighing

The equal-arm balance is the only type of balance that it is practical
to use for the direct weighing method. Pirst read and record the no-load,
also called the zero load, indication. Then place the weight being tested
on one of the pans, say the left pan; put sufficient known weights on the
other pan to just bring the balance to an equilibrium condition such that
the indication is the same as the no-load indication., The total mass of
the known weights is the mass of the weight being tested.

3.2 Direcﬁ—Reuding Weighing

The direct-reading weighing method requires a balance that is capable
of directly indicating the weight of the load on the load receiving elenment
in mass units. Most one~pan balances meet this requirement. With no-load
on the pan, adjust the balance so that it reads =zero; place the weight
being tested on the pan and by proper manipulation of the controls bring
the balance into a condition of equilibrium; read and record the
indication. Since this is a direct~reading balance, the indication is the
mass of the weight being tested,within the capability of the balance.

3.3 Substitution Weighing - One-Pan Constant Load Balances

Two substitution weighing modes for one-pan constant load balances are
described. One uses known weights from an ordered set of weights as stand-
ards; the other mode uses the balance's built-in weights as standards. The
method of using the built-in weights for standards is the same in principle
as that using the usual known weights for standards though it may appear to



be different, With this method the built-in weights, removed from the
total load on the beam to bring the balance beam to a position of
equilibrium when a weight is placed on the pan, are the standards for that
weight. The dial settings indicate which weights have been removed from

the load.

To avoid negative balance indications or having to change dial
settings during a given weighing, it is convenient to place a small tare
weight on the balance pan and leave it on during the entire series of
weighings. A weight of about one-fifth the full scale may be used.

3,3.1 Single Substitution Weighing - Using Known Weights from . an Ordered
Set as Standards (see Figure 2a for example).

Observation 1 - Place the weight being tested on the balance pan along
with the tare weight, Release the balance, read and record the
indication. This indication is designated 1I,.

Observation 2 - Remove the weight being tested, but not the tare
weight; and put enough standards on the pan to bring the balance into
approximately the same position of equilibrium as it had when the
weight being tested was on the pan, without changing the dial setting.
Read and record the indication. This indication is designated I,.

Observation 3 -~ Place a sensitivity weight on the pan along with the
standards and the tare weight, if any. Read and record the
indication. This indication is designated I,.

The difference between the weight under test, Wy, and the standards,s,

is:
wS
W, =-8§= (I, -I)y—5=2a
x 1 2’I,- 1,
where Wg is the mass of sensitivity weight and

*a" is the difference between W, and S in mass units,

3.3.2 Double Substitution Weighing ~ Using Known Weights from an Ordered
Set as Standards (see Figure 2b for example).- Indications Il, Iz,and I3 of
the double substitution weighing are obtained from observations 1, 2, and 3
of the double substitution weighing in the same manner as the corresponding
indicaticns for single substitution weighing described above, Section
3.3.1. There is a fourth observation in double substitution weighing which
is described immediately below.

Observation 4 - Remove the standards from the pan, but leave the

sensitivity weight and tare weight on the pan. Put the weight being

tested on the pan with the sensitivity weight and tare weight. Read

and record the indication. This indication is designated I,.

The difference between the weight under test, W,, and the standards,S,
is:

10



I,-I,+I,-1; W

s 3
Wy- 5 = > f::—;; = a
where L is the mass of the sensitivity weight and

*a®" 18 the difference between !& and S in mass units.

3.3.3 Single Substitution Weighing One-pan Constant Load Balances Using
Built-in Weights for Standards. (See Figure 3a for example.)

Observation 1 - Place the weight being tested on the balance pan with
the small tare weight, and set the dials at the appropriate settings
for that weight. That is, the balance indication is "on scale” when
it is in equilibrium. Release the balance, if in equilibrium, record
the dial settings. The weights represented by the dial settings are
the standards for the weighing. Read and record the balance
-indication. This indication is designated I,.

Observation 2 - Remove the weight being tested from the pan, leaving

the tare weight: set the dials at "0". Release the balance: read and
record the indication. This is the read;ng with ha standard on.

This indication is designated I,.

Observation 3 -~ Place a sensitivity weight on the pan. Read and
record the indication. This indication is designated I,.

The difference between the weight under test, W,, and the standards,S,

(built-in weights indicated by dial settings in observation 1) is:

W
Wy =S = (I, - Iz)I -
3 2
where W is the mass of the sensitivity weight and
*a® is the difference between W, and S in mass units.

3.3.4 Double Substitution Weighing One-Pan Constant Load Balances Using
Built-in Weighfs for Standards. (See Figure 3b for example). - Indications
I, , I, , and I, of the double substitution weighing are obtained from
observations 1, 2, and 3 of the double substitution weighing in the same
manner as the corresponding indications for the single substitution
weighing described above: Section 3.3.3. There is a fourth observation
in double substitution weighing which is described immediately below.

Observation 4 - Place the weight being tested on the pan along with

the sensitivity weight and the tare weight. Set the dials to setting

used in observation 1. (This in effect removes the standards from the

load on the balance.) Read and record the indication. This

indication is designated 1I,.

The difference between the weight under test, wx, and the standards,sS,
{the standards are the built=-in weights indicated by the dial settings in
observations 1 and 4 above) is:

Il- Iz+ Ih- 13 w

s =
W, -5S= 3 T I a




where W is the mass of the sensitivity weight and

“a® 1is the difference between thand S in mass units.
3.4 Substitution Weighing - Equal-Arm Balances

when an equal-arm balance is used for substitution weighing the
weights being tested and the standards are interchanged on one of the pans
and a counterpoise weight placed on the other pan. The counterpoise weight
should have approximately the same mass as the weight being tested so that

the indicator will be "on scale" when the balance beam is in equilibrium.
For interchanging the weight being tested and the standard it is con-

venient to select the pan on which increasing increments of load give
numerically increasing indications. When the reading-scale reads from left
to right, smallest numbers at the left end, adding weight to the left pan
increases the readings; conversely, when the reading-scale reads from right
to left adding weight to right pan increases the reading.

3.4.1 single Substitution Weighing - Equal-arm Balance. (See Figure 4a for
example). Assume that increased load on the left pan gives a numerically
larger reading.

Observation 1 - Place the weight being tested on the left pan and the
counterweight on the right pan. Release the balance, read and record
the indication. If the balance is undamped, turning points are read
and the rest peoint computed from them. [3] This indication is
designated I,. :

Observation 2 - Remove the weight being tested and place enough known
weights, that is standards, on the pan to bring the balance beam to
approximately the same position of equilibrium as in observation 1.
Read and record the indication. This indication is designated I,.

Observation 3 - Add the sensitivity weight to that pan which will
bring the indicator towards or past the center of the reading-scale.
This indication is designated I,.

The difference between the weight being tested, Wx, and the standards,

S, iss W
“x - S = (II- QWFETZ_]-:: a
where L is the mass of the sensitivity weight and

"a® is the difference between W, and S in mass units.

The absolute value of the sensitivity deflection, I3~ I, is used, that
is without regard to sign, as indicated by the symbol |I,- I,].

3,4.2 Double Substitution Weighing = Equal-arm Balance (see Figure 4b for

Indications I,, I,, and I; of the double substitution weighing
are obtained from observations 1, 2, and 3 of the double substitution
weighing in the same manner as the corresponding indications for the single
substitution weighing described above, Section 3.4.1. The fourth observa-

tion of this double substitution weighing is described immediately below.
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Observation 4 - Remove the standards from the left pan but leave the
sensitivity weight on pan. Put the weight being tested on the pan
with the sensitivity weight. Read and record the indication. This
indication is designated I,.
The difference between the weight being tested, W, and the standards,
S, is:
I,- I,+I,-1, Wy
— = a
2 J13- I,1
where Wy igs the mass of the sensitivity weight and

Wy - S =

"a" is the difference between W, and S in mass units.
The absolute value of the sensitivity deflection, I,~ I,, is used.
3.5 Transpogsition Weighing

Transposition Weighing - Tramsposition weighing is done on two-pan
equal-arm balances. When this method of weighing is used counterpcise or
tare weights are not required. The weiéht being tested is placed on one
pan and the standard on the other pan; a reading is taken, then the waights
are transposed. Either single or double transposition weighing methods may
be used.

3.5.1 Single Transposition Weighing = Equal=-arm Balance (see Figure Sa for

example).

Observation 1 - Place the weight being tested on one of the pans, say
the left pan, and standards on the other pan, the right pan. Adjust
the amount of known weight on the pan so that the indicator will be
"on scale" when the balance beam is in equilibrium. When the balance
beam is in equllibrium, read and record the indication. This
indication is designated I,.

Observation 2 - Remove the weights from their respective pans and

transpose them to the other pan. That is, the weight that was on the

left pan 1is put on the right pan and the weight on the right pan is -
put on the left pan. Read and record indication. This indication is

designated I,.

Observation 3 - Add the sensitivity weight on the pan that will cause
the pointer to move towards or past the center of the reading scale.
Read and record the indication. This indication is designated I,.

The difference between the weight being tested, W,, and the standard,

5, is: I1,- I, W
Wy = 8= =7 TI,- 1,
where Wy is the mass value of the sensitivity weight and

"a" is the difference between W, and S in mass units.

The absolute value of the'sensitivity deflection, 1,7~ I, , that is
without regard ¢to sign, is used. Whether the weight being tested is
heavier or lighter than the standard can be ascertained from the direction
of motion of the indicator or the rules described on pages 15 and 13.
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3.5.2 Double Transposition Weighing = Equal-arm Balance (see Pigure 5b for
example). Indications I,, I,, and I, of the double transposition weighing
are obtained from observations 1, 2, and 3 of the double transposition
weighing in the same manner as the corresponding indications for the single
tranasposition weighing described above, Section 3.5.1. The fourth observa-~
tion of the double transposition weighing is described immediately below,
Observation 4 - Remove the weights from their respective pans and

transpose them., Leave the sensitivity weight on the same pan that it
was in obgservation 3. This indication is designated I,.

The difference between the weight being tested, W,, and the standard,

S, is: .
. I,= I+ I,- I, 8
Wy = S = = a
x a 115= 1,1
where Wy is the mass value of the sensitivity weight and.

"a® is the difference between W, and S in mass units.

The absolute value of +the sensitivity deflection, I3~ Iy, that is
without regard to sign, is used. Whether the weight being tested is
heavier or lighter than the standard can be ascertained from the direction
of motion of the indicator or the rule described below may be applied.

3.5.3 Determining the sign of the difference between two weights being
compared in a transposition weighing = To find the sign of the difference
"a", between two weights being compared by transposition weighing, in the
expression: )

We=-S=a

Consider the following.-

Example 1:
Obs. Load on Pans Balance
No. Left Right Indication
0 0 0 I,
1 L s I,
2 s W I,
3 s+ws W I

Observation 0 is the measurement of the no-load or zero. load equilibrium
position. Observation 1 is the weighing with the weights W and S on the
pang as _ indicated. Observation 2 is the weighing with the weights trans-
posed. Observation 3 is the sensitivity weighing. If we assume the
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balance's zero load equilibrium position is constant and that the arms are
equal, then: i

Wesa=I -1, (1)
is a measure of the difference between the weights W and S in scale divi-
sions. Similarly »

S-W=1I,-1Ig (2)
is also a measure of the difference between the weights W and S in scale

divisions. We now have two measures of the difference between W and s.
Combining both measurements, we have:

WeS= ]I -1Ip (1)
S ~-W=I;=-1Ip (2)
2W =25 = I, = Ig = Iz + Io (Sub.(2)from(l}) (3}

Since the Io's cancel each other we can rewrite equation (3)
2W-25-11-12

W - S-h—;——l_zaa‘ (4)

I;-1I
The expression W - S = 1 2 states the difference between the weights in
scale divisions. Since I, drops out when the two halves of the transposi-

tion weighing are combined, it is not necessary to £ind the zero load egui-
librium position, Observation No. 0, The difference between W and S in
mass units is stated in equation (5)

w-s-h:_l_i—_wL-a (5}
2 IS- Ik

Therefore, the complete transposition weighing requires only the three
.weighings shown in the following example (Example 2).

Example 2:
Obs. Load on Pans Balance
No. ' Left Right Indication
1 W s I,
2 s Li I,
3 E4W W I,

15



In Example 2, if we assume that the reading scale reads from left to right,
then since §h° sensitivity weight was added to the left pan we know that
the term i——‘;— in the expression,

3* L2

H-S-.Il;].:_z. Ll
2

—_—& = a

I,- 1,

has a plus sign because I, is numerically greater than I,. Therefore the
sign for the difference "a” will depend on whether I, or I, is greater; if
I, is greater, the sign is plus,and if I, is greater, the sign is minus.
Prom the sign for the difference "a®, we can ascertain whether W or S 1is
the heavier weight. When the sign is plus, we have:

W=8§=a or W=S + a
and W is heavier than S.
When the sign is minus we have:

w - S m 2a or W=6 ~- a

and clearly S is heavier than W. Sometimes the sign for the difference is
not obvious and it may help to have rules for determining whether the sign
for the difference between the weights being compared is plus or minus.

There are two cases: Case I sensitivity weight added to load on left
pan; Case II sensitivity weight added to load on right pan. In each case
there are four possible combinations of plus and minus signs relating I,,
I, and I3 of the transposition weighing in the computation of the differ-
ence "a" between the weights being compared. These possibilities together
vi;h the app;opriate sign are outlined below.

I. Sansitivity weight added on left pan.

a. I, numerically greater than Ia ' and I3
numerically greater than I, , the sign for the
difference, "a" is plus (+).

b. I, numerically greater than I,, and I3 numerically
smaller than I,, the sign for the difference, "a",
is minus (=).

<. I, numerically smaller than I,, but I3 numerically
greater than I,, the sign for the difference, "a",
is minus (=).

d. I, numerically smaller than I,, and I3 numerically

smaller than I,, the sign for the difference, "a",
is plus (+). '
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II. Sensitivity weight added on right pan.

I, numerically greater than I,, and I; numerically
greater tham I; , the sign %or the difference,
*a®, is minus (-).

I, numerically greater than Iz, but I3 numerically
smaller than I, the sign for the difference "a®,
is plus (+).

I, numerically smaller than Iz, but I3 numerically
greater than I,, the sign for the difference, "a®,
is plus (+).

I, numerically smaller than I2, and I3 numerically
smaller than I;, the sign for the difference, "a®,
is minus (-).

Stated symbolically

II

II.

Sensitivity weight added on left pan

a.

b'

Ce.

d.

I,>I, and I;>1I, sign for "a” plus (+)

1,>I, and I, <I, sign for "a® minus (-)

I,<I,and I,>1, sign for "a” minus (=)

I,<I,and I,<I, sign for "a” plus (+)

Sensitivity weight added on right pan

a.

b'

d.

I,>I,and I, >I, sign for "a” minus (=)

1 2

I, >I, and I, <I, sign for "a" plus (+)

1 <I, and I, >I, sign for "a” plus (+)

I, <I, and I, <I, sign for "a" minus (-)

17



4. Computation of Mass Value of Weight being Calibrated

In the preceding section, weighing methods and the method of computing
the mass difference between the weight being tested were discussed and il-
lustrated for each Qeighinq nethod. The expression for. this difference
had the form W, « S = a. But the required result, the mass value
of the weight being calibrated, was not given. 1In the special case where
the nominal value of the standard, Sps may be considered its true mass
value and no buoyancy correction is needed, then substituting for standard,
S, -its nominal value, Sps in the expression:

W, =S =a

x
we get Wy = S, = a
and the mass value of Wy =S, +ta

The procedure'is illustrated in figures 6 and 7,

4.1 Application of Correction for Standard and Buoyant Effect

In most cases, however, it is necessary to apply both a correction for
the standard and to make a correction for the difference in the buoyant ef-
fect of the atmosphere on the weight being calibrated and on the standard,
The expression W, - S = a gives the difference between the two weights in
mass units under the conditions existing when the comparisocn was made.
When the value of the standard is given as its nominal value, Sn, plus a
correction, ¢, substitution for S its value, Sa* ¢, in the expression:

Wy - S = a (as computed)
we get Wy = (S5ptc) = a (¢ ig the correction for S
from previous calibration)
+
and wx = sn + c a

This procedure is illustrated in figure 8.

When the correction, ¢, for the standards, S, is in terms of true mass
the value found for W, is its true mass within certain limits which depend
on the relative densities of W, and S. (See Table 1).

where needed, the correction for the difference in the buoyant effect

may be computed as follows:
W, - pVol -(s - pvol = a
( X pvo wx) ( P S)

(We = S) - a = P(Volg - Volwx)

or (wx - S) = a + P(Volwx— VolS )
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where D(VOlw = Volg ) is the buoyancx correction term, often
X expressed as PAV

is the air density at the time of comparison
a is the indicated difference between the weights
W, is the weight being tested
S is the standard

The mass value of Wy when both the correction, ¢, for the standard, §,

and the buoyancy correction, pAvV,are appiied is computed as follows start-
ing with the expression,

Wy = S = a (as computed)

Wy = (Sp+e)

a (substituting for & itgs value Sn+c)

plus buoyancy correction = PAV

W S

X ntc+a+pav

[}

The value for Wy is the true mass when the correction for § is in

terms of true mass, within the appropriate uncertainty. This procedure is
illustrated in figures 9 and 10.

4.2 Use of "Transfer Standard®

When one of the duplicate weights of a set having two or more weights
of the same denomination is used as a "transfer standard™ (Section 2), this
weight is calibrated, using one of the weighing methods described in
Section 3. The other weight or weights of the same denomination are then
compared with the "transfer standard" by a suitable weighing method. When
these comparisons have been completed, the “transfey standarg" is
recalibrated. The mean of the two values found for the "transfer standard®
is the value used to establish the mass values of the weights for which it
served as a standard. This procedure is illustrated in figure 1l.

4.3 Added Weights

When the mass difference between weights being compared is larger than
the on-scale range of the balance, it is necessary to add small weights to
o aqet an oneacale balance indication.
When an unknown weight is compared directly with a group of known weights,
this is not a problem because only enough known weights are placed in use
to bring the balance to the same equilibrium position as when the unknown
weight was on the pan. However, it is sometimes more convenient to use one
or more added small weights with the unknown weight so that a single large

standard may be used.
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In substitution weighing, using a one-pan balance, this is a straight-
forward procedure. For example, assume that the mass of the weight being
calibrated is a little less than that of a convenient standard, as in ex-
ample 1., (See Figure 12), '

Example 1:
O1 Wx + "A - I1
o, s ’ =-I,
O, S + W. = I3
Wg
wx*wa's'(II'Iz) 1——3-12.&
Wy =S=-W +a Solving for Wy
whare Wy 18 the weight being calibrated
s is the standard
W, represents the added known weight
Wg is the sensitivity weight
a is the difference between the masses

If in the above example S is two pounds and W, is, say, 1.95 1bs, it is
evident that this procedure is more convenient than if one had used stand-
ards equal to the mass of the weight being calibrated.

The use of an equal-arm balance permits greater flexibility because
the added weights can be placed on either pan. But this adds complexity to
the computations.

Consider the same kind of situation as in the example (Example 1) with
the one-pan balance where the standard is heavier than the weight being
calibrated and it is impractical to use a group standard, ag wounld
be the cai. when a "transfer standard®™ is used. If the difference is known
prior to beginning the actual weighings of the calibration, then the
necessary small weights can be placed on the pan with the weight being
calibrated as shown below. (See Figure 1l3a),

Example 2:
. Load on Pans
Observation Left Right Indication
0, W +W, CW I,
0, S CW I,
0, S +Wg cw I,
o, W 4, CW I,
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The difference is expressed as follows:

I,-I+I,-1 W
W, + W, = 1 -2 b4 K] L—rna
x * Wy - 8= ) TI,+ 1,
Wy =5 =~-W, +a Solving for W,

CW is the counterweight and the other symbols have the same meaning
as above, for substitution weighing, with the one~pan balance.

But in many instances the magnitude of the difference betwsen the
weights will not be known before beginning the calibrations and the first
half of the weighing will have been completed before it is apparent that
small weights need to be added. Im that case the most economical procedure
is to place the added weight on the pan with the counterweight when the
standard is on the other pan, as in Example 3, (See Figure 13b).

Example 3:
Load on Pans :
Observation Left Right Indication
o} 1 Wx CW b 8 1
0, s CW+W, I,
0, S+Wg . CW+wW, 4 1,

It is evident that the standard is heavier than Wy because additional
weights were placed in the right pan to bring the balance to an on-scale
equilibrium condition, when the standard was on the left pan. This is
really the same situation as in Example 2 because, if the counterweight
were increased by Wy, it would be necesgsary to add W, to the load on the
left pan in observation 1. The difference equation can be written in the

form:
Ws
Wy = (S = W) = (I, I,) —— =a
I,-1,
and
Wy =5 =W, +a Solving for Wye

This result is the same as that for Example 2.

The following argument will demonstrate that this is true:

Consider observation 1 as a measure of the difference between Wy and
CwW,and observation 2 as a measurement of the difference between S and CW+W, ,
then:

0, Wy = CW = kI,
S =~(CW + W,) = kI,

0,0, Wy =-CW=5+CH+W =k(I-1I,)
21



Since I, and I, are in scale divisions a factor, k, is applied to convert
them into mass units. Generally k is equivalent to the term -Eﬂr- in the

foregoing examples. In this example 3 2
k-i——wa—_.
]Ig“Izl
i w
Wy =S+ W -(I-I-)T—B—I-n
A a
S PSR
Wy =S - W,+ a Solving for Wy

Congider the situation where the weight under test is heavier than the
standard and the added weights were placed on the pan with the counter~

weight and the weight under test was placed on the other pan, as in Example
4. (See Figure 13¢).

Example 4:

W, heavier than the standard, S, and the counterweight, CW.

Load on Pans

Observation Left Right Indication
Q 1 ’ Wx CH+W A I 1
0z S CW I 2
O3 . S+Wg CW I 3

Using the same argument as for Example 3

W
Wy =W, = 8= (I,-1,) T-—-L—rla_ 7" e

Wx-S+WA+I

Transpoasition Weighing - In transposition weighing added weights may
‘be. used during only part of the weighing or they may be used during the
entire weighing, as required. Again, consider the case where the standard
is heavier than the weights under test and the situation requires that the
added weights be employed during the weighing, as in Example 5. (See
Figure 14a),

Example 5:
Load on Pans
Cbservation Teft Right Indication
o, Wy tW, S I,
0, S Wy W,y I,
0, S +Wg Wy W, I,
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Compute as described for transposition weighing in Section 3.5.

-1, W .
2 1-1,10

Wy =S =W, +a Solving for W,

WX+WA-S-

This result is the same as that obtained for substitution methods.

Now consider the same case as illustrated in Example 5 except that it
is necessary to employ the added weights during only one half of the trans-
position weighing, as in Example 6. (See Pigure 14b).

Example 6:
_ ‘Load on Pans
Observation Left Right Indication
o, Wy +W, s I,
o, s Wy I,
o, S +Wg Wy I,

Treat each observation as a measurement of the difference between the
weights. '

0, We + Wa = & = kI,

0, s - W, = kI,

01" Oz wa + WA - 2S = k(Il‘ IZ)

k is a factor to transform scale divigsions into maeés units.

2W, - 25 = =W, + k(I - I)

-W
A, k(I,= I,)
WX-S-T* 1 2! = a

W
Hx = S - EA + a
This result is similar to that obtained in the previous examples, the dif-
ference being that only half of the value of the added weights was applied.

Those of the above considerations that apply to sgubgtitution weighing
are equally applicable to both single and double substitution weighing
methods; and those that apply to transposition weighing are equally appli-
cable to both single and double transposition weighing methods.
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S. Air Density

In order to make the buoyancy correction computations (Section 4) it
is necessary to know the dengity of the atmosphere in which the weighings
were made. The density of the air may be computed in any of several ways
[4]1(5]). Most of the methods giveh in the handbooks use tables which require
either dew point measurement or wet and dry bulb thermometer readings.
But, the approximate density of the air may be'computed with sufficient ac-
curacy (to about 1l0pg/cm3) directly from temperature, relative humidity and
barometric pressure by the formula given below {6]) or by using the table
(see Appendix) derived from that formula. The equation iss

0 0.46554P - R.H.(0.00252T - 0.020582) (6]
= 273.16 + T
where p = density of air in mg/cm3

P = barometric pressure in mm
R.H. = relative humidity in percent
T = temperature of air in degrees centigrade

The following example illustrates how the air density (P} is computed
using this formula.

Compute the density of the air when:

The temperature is 24.8°C,
The relative humidity is 57%
The barometric pressure is 749.6 mm, Hg.

substituting the temperature, relative humidity and barometric pressure for
the symbols in the equation above

0.46554 X 749.6 - 57(0.00252 X 24.8 - 0.020582)
273.16 + 24.8

348.9689 - 57(0.041914)
- 297.96

p

346.6599 3
t———— 1.163 cm
p= 297,96 = mg/

24
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{41
(51

(6]
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Figure 11 - Illustrating use of “transfer standard"

(a) First calibration of "transfer standard”
(Weight No. 132) using known weights;

(b) Calibration of other weights of the same
denomination as the "transfer gtandard”
using the "transfer standard" as the
standard.,

(¢) The repeat calibration of the "transfer
standard" after all the other weights
of the same denomination have been tested.
The mean of the two values (a) and (¢)
found for the "transfer standard", Weight
No. 132, 48 the value of the weights
calibrated using the "transfer standard”.
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EIGURE 13 (Continuedden
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Illustrating computation of mass value when added weights are used,
double substitution weighing with equal-arm balance using "transfer
standard”. (a) Weight under test lighter tham standard, added
weights on pan with weight under test. (b) Weight under test light-
er than standard, added weights on pan with counterweight when
standard is on the "load pan". (c) Weight under test heavier thanm
standard added weights on pan with counterweight when weight under
test is on the "load pan."
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APPENDIX

TABLE I

Magnitude ' of error introduced by considering
the true mass and apparent mass vs brass to be
the same for various ranges of densities.

Magnitude of Error : ’Density Range

1 part in 10° 7.85 g/cm3 to 9.00 g/cm?
2 parts in 103 | 7.35 g/cm® to 9.75 g/cm?
3 parts in 10° 6.94 g/cm3 to 10.6 g/cm3
4 parts in 10° . 6.56 g/cm3 to 11.62 g/cm3
5 parts in 10° 6.23 g/cm3 to 12.86 g/cm3
1 part in 10" 4.95 g/cm® to 27.63 g/cm®
3 parts in 10" 2.7 g/cm3
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TABLE II

In Tables IIa and IIb the temperature range is from 15°C to
35°C increments of 0.5°C. The relative humidity range is
from 10% to 90% in increments of 5%, The barometric
pressure range is from 575mm to 780mm in increments of Smm.
The barometric reduction factor to the barometric pressure
for atmospheric humidity is given in the body of Table 1IIa
for wvarious temperatures and relative humidities. ‘The air
density, in mllllgrams per cubic centimeter, for the stated
conditions is given in the body of Table IIb to 0.0lmg/cm?,
To get the air density in pounds per cubic foot, multiply
the air density in mg/cm® by 0.06242788; and to get the air
density in pounds per cubic inch multiply the air density in
mg/cm? by 0,000036127,

The following procedure is used to find the air density, o ,
with Tables Ila and IIb.

Enter Table IIa throuah the temperature and rela=-
tive humidity. In the column headed Air Temp °C
of Table IIa, find the temperature nearest the
thermometer reading, then go across the table to
the column under the relative humidity nearest the
relative humidity reading. The number in the body
of the table at the intersection of the relative
humidity column and the temperature line is the
reduction factor and is subtracted from the
barometer reading. The resulting figure is the
reduced barometer reading and is used to enter
Table 1IIb. In the column headed Air Temp °C of
Table 1IIb, find the temperature nearest the
thermometer ‘reading, then go across the table to
the column under the barometric pressure nearest
the reduced barometer reading. The figure in the
body of Table IIb at the intersection of the baro=-
metric pressure column and the temperature line is
the density of the air,. The following example
illustrates the procedure for using the tables.

Find the air density (;) when:
The temperature is 24.8°C

The relative humidity is 57%
The barometric pressure is 749, 6mmlig.
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Step 1.

Step 2.

Step 3.

The air

In Table IIa the temperature nearest 24.3 °C 1is
25.0 °C, go along the line to the column under
relative humidity nearest 57%, which is the 55%
column. The nunker at the intersection of the
25°C line and the 55% column is 5.0.

Subtract 5.0 from the barometer reading, 749.6.
749.6mm = 5,0 = 744,.6rm. This is the reduced
barometric pressure.

In Table IIb, find the 25.0°C line (the tempera-
ture in the table nearest 24,8 °C) across the
table to the column under barcmeter pressure
nearest 744.6rmm, which is the 745mm column. The
nunber at the intersection of the 25°C line and
745mm  column, 1,l1€, is the air density, p, in
milligrams per cuiuic centimeter, for the stated
conditions.

density found, 1l.16 mg/cma, in lb/ft3 is

1.16 x 0.06242788 = 0.07241634 1b/ft’

in 1b/in.} is

1.16 x 0.000036127 =-0.00041907 1b/4in3

44



1eey
B2
92
heZY
tezy
401
pelt
oty
tely
s°01
Leog
heOty
| A4 ] ]
8%¢
teé
h*6
res
neé

5°®
[ 44 :]
De8®
Lot
Y
zedL
peL
'L
geo
co9
A4 J
8*s
5%§
€S
0°*s
[ A4
9t h
€ h
1en
AR o
0r
£ec

06

(204 |
121
8°11
L1
holy
zoi
(A |
8°01
s°01
€°ol
ot
8%
| A
LAY
1%
6%
[ ]
L Al ]
t Ad']
o's
8t
s°¢
€°!
tee
a8y
9%y
(34
t*
6°§
L°s
s°S
TS
a°s
| 243
S°h
€%k
| A
e°r
L Ad ¥
(3
z't

Y

(ABNDOYIAN 40 SNILIAINTIW) ALIOIWNH D14IHASOWAY HO4 SHOTIW DML I«QHYA 40 NOLLINGIN

[ XN
hey o
Te gl
o*11t
8t
Yep1
€eql
Tepl
by
Loy
Seg
[ )
0%
8ep
9°9
heg
Zeg
O°g
(3]
S,
€y
1%
L LX)
toq
L3
Zeg
Neg
cg
L AKX
beg
feg
(1 XY
Loy,
Sey
Copn
LAXYS
Beg
LAY
heg
Te¢
Neg

ne

*» o © o
NN OGO O AN E

® 5 0o o 0 0 o

VD ONTOD =N =

Zeo!
ns*ol
846
9%
LAY

RAX}

0¢e
6°@
L9
s'¢
€8
18
6°4L
i1
St
€L
t AN
0°¢
89
9°9
he9
T*9
0°9
8°'s
?°S
h°*S
€S
1°s
6%h
(s
S*h
| 2 ]
i*s
6°c
(e
Se¢
[ 24 3
Tec
o°¢
[ A4
9°2

a¢

F OCTO =M N SCONMANNG =N ITDO MU ODTENTANDG=NT DO ==

S*s

.o

NNNNAM,AFOAMTTTIITONONANNN OO ECOCOOARNARNARARNDDIDC ® OO

> & o & s e s 0

® o o6 ¢ 0 o o

QY

a*s

L 3K 4

oy

8's
'S
S'S
£*'s
t 45
0's
&°h
L*h
9
n'h
(9l }
i*h
0'w
e’rc
e
(149
(34 ¢
t 44
1t
(3K 4
e
"z
(1% 4
(44
e
0*2

S5

¥
1oL
0°¢
69
L9
99
s*9
o9
29

6°S
9°*s
(28]
S°*S
hes
z*s
t*g
0°*s
o°n
L*n
L AL
hoh

o°w

0s

oe¢
6°2
L A 4
vz
S*2
[ 3% 4
[ LY 4
T2
D*2
61
81
Lo}

S

g*s
L*s
9°S
5°9
hes
[
z*s
1*s
0°s
9k
L*°»
9°h

§%¢

9°1
s°l

uw

¢ e o o o

® & 5 ¢ 0o 8 s 0 0

® & @ o 0 2 ¢ ¢ o @

CNBPD=NNMT AOMNDOD=NMTI NLONDCD = NATANAONDDPD =

s o
- on on

-y N
® 0o
- e

st

= NNNNNANNANNNMAOOAAMTI AT ST ZTTITTITTTTT T NN

h~h

€'h

Z°%h
1°h
a*e
0%
6%t
et
LK
9°¢
9°C
g*C
b
€°C
2°t
1°c
[ B
a°c
62
Az
ez
IAd 4
92
Ss°z
neZ
DA 4
€z
zel
[ 4
n*Z
6!
[ 2]
e*
1
*°l
s
el
el
cel
t AR}
(A ]

n¢

9°C
9t
s*¢
het
wee
(LAY
[A4Y
Tt
1eg
geg
Dec
[ 3 4
yez
B
(2 4

LI 4
1ee
VAR ]
el
[ AR
[ A ]

[ ]
[ AN ]
| 2 ]
5°1
»el
£l
[ A
Lot
1oy
[}
pet
6

s

NOTLVYHNLIVYS 40 IDVINIIYID MO ALbULnH JATLYIEN

BII d149V1

6!
62
KP4
Lz
L2
yeZ
vel
SeZ
Ss*7
a*?
el
[ Y 4
(4
Z*3
Z*2
LY 4
uyelz
uel
&l
b1
gel
a1
Lo}
el
9ol
1
Sei
wel
hel
[N}
Cel
Tl
&1
e}
i
Ot
gelt
..

e

e

h‘

a2

Z2°¢
[
1*2
1*z
[T 4

st
wel
nel
het
[ ]
€1
€
L |
[ AN
[ AR
zZ* 1
Z*1
14
1e1
1*1
a1
[T}
(L]
a*t
’.
.
’.
’.
al
QO
Q.
‘.
N‘
N.
N.
‘.
‘.
cl

g
m-

5 e
»®
»®
[

ELEN]

LR

45



zaet
zo°*t
zoel
g0° 1
Zo°*1
t0*1
€0°1
[ L |
€0t
€01
co* !t
WO}
w01
hO°1t
w01
»0°
hOet
s0°t
§0°1
s0°1
s0° 1
s0°1
90°1
901
g0°1
90°1
90°1
9aet
(o1
(ot
40°1
Lned
L0}
s0° 1|
g0° 1
e0°1
g0° |
go°1
we0°* ]
801
601}

o1
101t
to*y
101
Zn°*t
oty
Zo* 1
ro°*1
To*t
ot
€o*t
€oet
€o°t
€o°t
€0y
LUAR ]
hO"1
ko1t
LU AR
na°t
hO°1
S0t
S0°1
501t
50°)
So*t
501
0y
0°1
LA ad |
90°1
r0°1
Lo*1t
Lo
Lo*1
Loy
{0°*1
toet
8oy
LA |
go°t

D¢y

00°1
0D*}
toet
101
foe*1l
108y
101
1o}
To*1
Zo*1!
Zo°*1
zo°!
o1
zo-°1
€a-1
to*1
€0 1.
toe*t:
€0°1
toet
hoel
ho*!
w04t
ho° 1l
hO*1l
LY L]
S0°1
50°1
so°1
$0°1
S0°1
90°1
90° 1
?0°1
fa°!
*0°*1
90°1}
tQ*
Lat
Lot
Lo°*1

S99

66
00°1
onet
0oe 1
00° 1
00¢
ao*1
10°1
1001
1041
tos1
10°1
101
zo°1
zo*1
ro*1
zo*1
roe1
zo*1
ot
€0*1
to°1
3.0
£oe1
no* 1l
noe 1
®0°1
hoet
»0° 1
hoet
snet
s0°1
S0*1
so°t
s0° 1
s0°*1
90°1
01
LLLN
ne
90°1

09e

'Y N

68°

66°

66°

66°

no*!
o0*1
00|
00°1
oo*t
001
101
10°1t
101t
10*})
101
101
zo°*1
zo*y
z0°t
z0*¢
z0*y
20}
€0t
€01
€0°*1
ca*t
€0y
€0°1t
LA
»0° 1
w01
n0°*1
ho* |
sn*y
50°1
s0°1
s0°y
S0
s0°1
?a°*t

599

86 L4*
8¢é° Ls*
: T34 Bse
gé° aae
bér° fs°
68 B
[ Y R4 Bare
&¢° 84
LY 2 b6
6é° 66°
oDt 66°
00t 6p°
00°1 &
00°*1.48é4°
00°1l &4°
00e1 DOt
10st Qgelt
10°t 0po-t
101 DQ*t
t0e1 00l
1021 0Q-!
toet 1pelf
z0*)1 ‘1pe 1l
zoet lael
zeep toet
ze*1l lo-l
Z0*t Zo-*1
2C*1 ZAaet
€Ut Zp-l
tCey 201
€01 Za-*t
€C0*1 Zo*!
€C*1 €o°1
wCey €Ot
hiey €net
w0 €l
nwGe1 €0t
w1 €pel
hCe1 hnel
S0t »0°t
S0y hgoet

0S9 She

LALTAVED QNVANVYLS

(HILINTANGD DIHGD N3Id SuvE9l1VIw)

?s° 9 °
L6° 96°
L6° 9¢°
L6® 9s°
(s 96°
Lte® Ls*
L6° Le*
86° Lb°
86° (s*
88 L'
86° Le*
es° {6°
86° 8s*
46° 94°
66° 8s*
66" 86°
686° 8s"*
s8® 84°
66° 44°
001 s8°
00°1 66°
00°1 ss"*
001 .48°
00°1 s6*
00°1 oQo°1
to*t op*t
to°*t oo*!l
101 0o0°*!
10°1 o0o0°*!

‘10 oo°*!

io°t ta°tl
To*1 1p°1
ZOo*1 to°l
zo*t 10°!
Zo°*t 1o°!
zo*t1 to°*t
Z0*1 zo°l
€o0°t Zo°*l
€0*1 zo*!
€01 zo*!
€0°*t 2o°!

ONe Sg9

Gb°
S6°
Y 2
96°
9b¢
96
b
96
96
98¢ .

(b

L6
Lee
L6
L&
L6°
LR
a6
[: LR
86°
g6

QO.

86°*
[ Y 2
66°
66°
66°
66
66
pue1
co*1
001
001
00«1
tdey
1oy
tuet
tuey
Ty
101
z0*

0€9

301

ho*
ho°
Se*
S
S6°
S4°
S6°
S6°
G4
96°
96°
98°
96
946°
96°
L6*
Le®
L6°
Le6*
(s°
Le*
8s°
86°
86
g6°
86°
96°
[N
66°
66°
68"
66"
66°
0o0°* 1
go*i
001!
oG 1
aget
ou°*t
11
1ot

Sz

€e°

(Y%
»e*
"o
(Y 2
(Y 3
»e*
56°
56°
56°
56°
56°
56°
56°
96°
96°
96°
98"
96°
95°
is°
a°
s°
6*
"
s°
08
[T
(TS
(T
86°
86
b6
66°
66°
66°
66°
s6°
po*1!
so* !
00° 1

aze

€6°
€6°
€8
£6°
€s*
€e"
he!
hée*
ne'
ho*
[T
LY
S8
S
56"
LT
S6°
s6°
96°
98
96"
96°
96°
v
9s°
Le*
Ls"°

NN

Lo’
Le*
Le*
8s*
LN
L 'Y
86"
86"
86"
66"
Y™
65"
6b°

S

911 314Vl

Zo*
Ts*
Zs*
Zs*
€s°
€6°
s
[
€s°
€y
€6
hg
LY 3
LY %4
hg
he®
ho
Sa°
LY S
Ss*
Se¢*
S6°
98
96
76°

?4°

8se

Oty

16°
16°
Zo"
zs°
ze*
z6°
Ts*
zs*

28"

€6
€6°
€6"
€6°
€6°
€6°
€s*
we'
he
né*
hs*
he'
he*
56°
Se°
S6°

s6°

L8°

509

ABONINIW 40 SHILAWTITTNIN

NIV A0

ne~
16°*
16°
16°
16°
16*
té
[
26
z6*
26°
z8*
zo°
z6"*
€6
£6°
€6*
€s°*
€6
te*
€6°
hé*
6"
[ N
né'
ho"
LY 2t
sé°
56°
sé°
56°
56°
§6°
96°
96
96°
96°
96°
96°
L6
L6°

aly

NT J8NnSSaInd

40 ALISN3Q

ne*
ne*
na*
ns*
0é6°
0s*
t6*
16°
16°
ta°
16°
16°
16°
Za*
z6*
Z6°
Ts*
zZ6*
26"
€8
€a°
[ ¥
€e*
€6*
€6°
[ %
LY 3
LY N
(Y %
he*
he*
hé*
S6°
Ss*
S6°
Ss°
sS4

S6°

96°
96°
96.°

58S

48°
68°
[X:
68°
06°*
0s°
06
as*
0s*
06°
Oa&*

e
1e*

1 4
e
1s°
18
1s*
Zs°
Zs°
Zs8°
Zs*
Zs"*
Te*
€s*
€6°
ts*
Ce*
€6°
€s°
[
[ %4
LY
ne®
ha*
LY %4
he*
Ss°
S6°
Sa*
Se*

D6S

ee°
g8e*
uve*
69°
[ 3
(1M
69
69°
bn°
68°
04"
{7
De*
0s°
0s°
04
[ '
te
1s°
L
L
ls*
Ts*
[ 4%

Ts*
Zs*
Za*
Zie
€s°*
Ch?
€4
| W
€s*
€s°
€s°
LT
[ Y%
LY
het
(Y%

ET L)

£L9"
-1 R4
1 R
8e*
8o *
88
en*
ee”*
68°
68°
68"
68°

68°

68°
49"
ne*
0s*
ns*
as6*
0ns°*
Ds*
te°

16° .

te*
e
16¢
18
16°
zs*
z6*
78
zs°
zs*
zs*
€6
€s°
€s®
€6
te*
ce*
we®

08s

La"
L8
v
L8
(8°
Le’
a8
Ae°
sy
an’
a8
e’
fB°*
69°*
68°
69’
68°
598°
68"
48°
06"
as”*
ne6"°
os*
('
[+
0s°*
ts°
16°
18°
16"
[ X
16°
t 4 e
Z6"*
Zs°
26°
Zo*
z6°*
€6
[ 3

S¢S

46

duWlIl NHlY



alstl ¢ty
glel £19
el*l 21y
gl*l (1t
alf*l ot
Blet g1y
11 81y
il @1°)
el°l 81
61°1 a1t
azel a1t
oz°t 1}
ozl &1y
ozt sty
ozl oz-t
1zl ozt
1Z%1 0z*y
1zl ozt
1zl DZ°*1
1Z°0 12t
Tl 1zt
2r0 12et
2Tl 1zt
2z 121
2 A NN F A0
-€zZer rrt
ezl 2zt
€Tl zT*0
€zt zZ°1
€Ll ez
a2l €21
SAA N S X3!
w2l €21
w2l €21
[(XAR BT AR
STl nZzet
STt Wzt
Szl wz°1
szl szt
9zl §2°1
9l 521

nRe St

91°1
91el
L AN
AR
et
et
List
eret
gret
gley
alet
eret
et
6101t
sl*t
aley
6l
61t
0zt
ozt
ozt
ozst
021
121
1z
121
1201
121
2zt
zzet
Tzl
zeet
zeet
czel
€z
czet
€zt
£zt
hzet
[T 40}
hzel

Ote

Siet
11
911
LIER
i1
9ty
91y
Liey
Lot
L
L1y
ey
elet
8t
ol
gl
iy
btet
slet
411
slt
YR
0z}
oze1
ozt
0z-t
fnzet
12+
1zet
tzet
12°1
1z
z2el
1
zzei
zZ°*1
zZe1
€zl
€z
€zt
€z 1

a9¢

st*t
St*1
si1°1
si*1
S1°*t
911
9t
(204}
[ARS
sl®t
LARd}
IR G|
AR |
L1
AR |
381
el
el*y
gl
et*t
R}
(Y84
s1°1
61°1
6t°1t
sl
g2l
[1F |
az*t
ozt
oz*1
Ttz
12*1
1z*1
121
1zt
zzel
T
e
2z
€zt

a9¢

hls1 €1
hToy €149
wloy €11
htey hist
S1*1 hiet
Stey hlet
S1%1 Mlet
Sl hiel
Sley Sl
9ty St
9l°1 Sist

AR

9lel St
91%1 St
9Ty 91y
L1°1 1)
Liey 91t
£1ey 918y
Lol 911

Lne

T Zls1

81y tled
aley £1a1
Bl Ll
Bler L10]
gley Bt
sley 811
41°1 B1e]
sttt o1}
slet atet

st
oz*
oz
oz
ot
oz-
1z
1z
1ze
1ze
zz*
zze

S9¢

1 &1t
1 611
IR R
1 Vel
1 611
1 0zt
U DZet
1 0Zel
1 0ze!
1 0Zet
1 121
1 Izet

asyg

A8 |
Zi°]
€l
€ty
€1
ctey
€1
[N}
(1R
hi®y
Wity
alor
si*y
Si*y
Sleg
Sty
Si*y
S1°y
el
911
LARS
(AR
L A0 |
{1
L1y
L1t
L
Ly
gley
el
AR ]
sl°y
8l
sl*1
el°!
61°Y
6l1°y
4l
0z°*y
nz*t
ozl

LY

Tl
Ziel
ziet
AR
2rel
Zuet
cret
ctet
c1et
[ ]
1t
sl°!t
IRA!
b1o1
wlet
it
1!
syt
sget
stet
stet
stet
el
Mt
(208!
ret
(AR
L1l
Lret
trel
(1!
rget
gret
it
grel
atet
gret
byt
b1l
stel
51l

PLY

[RARS
{11
ftet
tiel
Zlel
Zte=l
Zled
zie!
Zlel
Ztel
gl
ctel
Clel
clst
[ SRR
hiv]
[N
LARE
hilel
hico]
Sl
Sleg
St}
gle]
Sl
Sley
P21}
L AN}
[AXN]
LARD
LAKN
AR
211
Llet
el
Ly
ylel
gleg
g1y
atat
glel

SC¢

(A11AVHD anyvanvis ‘)00

AINNTEND)

olel 40°t 6u"l
of1*l s0°1l 60°1
oi°l gt*t s60°1
T1*1 pgrI°*l 50°%1
11°1 g1°*1 su®l
p1*t gyt &0°t
11 g1°t o1}
t1el 11°1 ot
iel giet gi1*y
Zi*l 11t ot*1
Z1*) 11°1 ot
Ziel et gt
Zi*t et 1t}
ZI%l ziet 111
CLel 21t 3t
Ciel 21°1 111
Clel zuiedl 11
g1*t 211 Z1°1
CE*F ¢tz
hi®l 11 Z1°1
pl®l gt°l 2i°!}
slot g1t Zit
wiei g1l ¢ty
hI®1 el 11
SI*E w1t g1
SI*t at°t g1t
Siel w1l it
Si°tl 1°1 wi®l
SI°l 1l wi*t
si*l g1°l it
211 gl nici
P1°1 g1°) w1l
U1 quel atct
11 qrel S1°1
Il 911 91°1
L1°t @11 Sy}
Li*1 91°1 S1°*1
Liel g9t*1 st°1
LE*1 g1l 91
evel gt 91
glel 210 911

08L S22 o2t

AMNINIW 240 SHILIWINTEIW N

gyt
8a*1
age1
80
vatl
601
syl
60° 1
60°1
&0°1
[ERA!
ar*t
ar*u
o1t
ar°*y
(R
et
tieg
tte1
[ |
Tret
Zivt
Zi*l
Ziel
zi1*1
Zi*t
€11
€1°1
Ci*1
€1°1
€1t
€11
LR
witi
LR
LR}
hi®l
Spey
St
Sy
Spel

S/

PR R
L0°1
Lo
go*i
su‘l
ga*1
[TV AN ]
90° ¢
ao’ !
80t
80°1
60*1
40°1
60°1(
at®i
oty
[(I R
or*y
al*t
IR
11
tis
1
R |
e
P AR
il
Zit
t AR |
P AR §
[ I |
[ R ]
Lt
ci1t
[ |
€1t
wi®lt
(Y |
wi®l
wi®l
[

ote

(H3ILAW1AINID D1anNd did SHynuLIYVIW)

(p2nufivoe)d) QII FT4VL

90°1 Q0°1 SO*1 hO*}
90°t 90°t SO0°*1 wn°*l
49°1 90°1 S0*1 no*l
L0°1 90*1 S0°1 So°i
(u*y 9ot s0°t Sn°*l
L0°%1 90°1 90°1 So0°!
L0t (0*) 90°1 so°l
80°t (0°1 96°1 Sn*i
@0°1 (01 90°1 Sn°*}
80°*] £0°1 90°1 9a°l
g0l £0°*1 90°1 90°1
@0°1 s0°t1 La*t 90°!t
90°1 @Oy LO°1 90n°l
40°1 @90°1 (0"t Yn°1
801 80°1 (D°*1 90*}
#0°1 g0t LO°®1 L0°}
s0°1 go*1 8O La°i
401 40°1 80°1 In°1
640°1 60°Y1 BO®*1 4D°I
ol*l s0°1 80°1 ¢(O*d
ol*l 6D°1 ba*t B0°I
Dl*t ¢0°% 80°*1 8N°1
uol*l 40°1 40°1 8n°}
al*I 0l*1 &0°1 8n°1
1l*t ot*1 &0°*1 w0l
tl*1 at*t so°*y1 sn°*t
101 ni1*t 60°1 én°\
T1*1 ni*t ot*1 en*1
tl*1 §1t1*1 oi1*t &0t
ZU*1 t1°1 O1*1 en°t
Zi*1 p1*1 oty en°l
zV*1 ¥ty oty ol
Zter g1y tyey auet
200 i1 13y Or°t
ZUL Z1*y 1t q o1t
€1l Z1*1 11°%1 OU°1
el zi*t ti*v 011
el zi*tr 1ty et
clel zrer 2zi1*y 111
cl®l gt Z1*y 11t
w1 gttt 21t t1e}
qu¢ noz Sa9 ue9

I1401SsSIud

nlv AN0 40 A3 ISNIU

€01
c€a*l
s0°1
(AR
(YA
(YR ]
w0l
[(Y'A4 ]
S0°*1
so°1
s0°1
Sa°1
S0°1
Ss0°*t
901
90°1
U
901
90°*1
L40°1
40}
140°1
L0°1
401
4061
eqg-t
wo°l
90°1
BG*1
80°!
40°1
60°1
6u°t
60*1
60°1
601
atet
nplet
o1t
oty
ol*l

SU9

€0°*1
[ R
c€o0°*1
£0°7
ol
€a*1
wQ*1
&0°*1
wO* 1
DR
[ R
[Y A
s0°1
so°1
sa*i
so°*l
su*t
so*!t
90°*1
$0° 1
90°§
90°1
90°1
vo°*t
LU
ol
Lot
L0°t
Lo
0l
80!
80°1
LT R
ROD"*1
RO 1
40°*1
&40°1
40°1
a0 1
s40° 1
Nl

8y

u*st
S*ul
O*st
s*'¢c¢C
o°¢ct
sez¢C
0*z¢
S
ast¢
s*ot
pn*oc
[1X'Y 4
0°62
s*g?
o*eZ
[ ¥4
a*dLz
S92z
09z
S*°§2Z
0*s2
Qe
0wl
stz
o€z
s°zrz
aszz
s°1z
o1z
s°al
o*0z
58l
nesl
S°el
n*gl
sl
gLl
S*9l
0°9l
S*s1
vesi

]

dw3Il bV

47



TABLE III

CONVERSION TABLE
Some Useful Conversion Factors

To Convert

To From Multiply By
1b/ft3 = mg/cm3 X 0.062427886
1b/£t3. = g/cm? x 62.427886
1b/in3 = mg/cm3 X 0.000036127
lb/in3 = g/cm3 b4 0.0361272
mg/cm3 . lb/ft3 X 16.018465
mg/cm? = 1b/in3 X 27679.9028

g/cm3 = lb/ft3 X 0.016018465

g/cm3 = 1b/in3 X 27.679903
grams = ounces X 28.349523125
grams = ‘ pounds X 453.59237
kilograms = ounces X 0.028349523
kilograms = pounds x 0.45359237
milligrams = pounds Y 453592,37
ouncges = grams b4 0.03527396
ounces = kilograms x 35.27396
pounds = grams X 0.00220462
pounds = kilograms b4 2,204623
pounds = milligrams x 0.0000022046
cu in. = em3 x 0.06102374
cu ft = cm3 X 0.00003531467
cm3 = cu in. X 16.387064
cm3 = cu ft X 28316.846592
cm = feet X 30.48

cn = inches X 2.54

feet = cm X 0.0328084
ounces = pounds x 16

pounds = ounces x 0.0625
inches: = cm X 0.3937008
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TABLE 1V

DENSITIES AND VOLUMES PER UNIT MASS
OF
SELECTED MATERTALS

Density at 20°C Volume at 20°C
cm3 in3
Material g/emd 1b/4in3 Per gram Per 1b
Brass (Normal) 8.3909 0.30314 0.119177  3.29881
Stainless Steel 8.0 0.2890 0.1250 3.4600
Stainless Steel 7.92 0.2861 0.1263 3.4950
Stainless Steel -7.89 0.2850 0.1267 3.5083
Stainless Steel 7.84 0.2832 0.1276 3.5306
Stainless Steel 7.8 0.2818 0.1282 3.5487
Stainless Steel 7.76 0.2803 0.1289 3.5670
Stainless Steel 7.75 0.2800 0.1290 3.5716
Steel . 7.83 1 0.2829 0.1277 3,5351
Cagst Iron (Gray) 7.0 0.2529 © 0.1429 3.9543
Cast Iron (White) 7.6 0.2746 0.1316 3.3948
Nickel Chromium 8.34 0.3013 0.1199 3.3190
Nickel Chromium 8.41 0.3038 0.1189 3.2913
Nickel Chromium 8.5 0.3071 ‘0.1176 3.2565
Tantalum 16.6 0.5997 0.0602 1.6675
Platinum 21.37 0.7720 0.0468 1.2953
Platinum 21.5 0.7767 0.0465 1.2874
Platinum=Iridium 21.54 0.7782 0.0464 1.2850
Aluminum ' 2.7 0.0975 0.3704 10.2522
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